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Abstract— 
For centuries, how an object moves given external forces is characterized by physical laws.  As for creatures like human, their  
movements are self­driven, and the driving forces are generated by intention of people in a psychological sense.  How to capture  
this characteristic in consistency with physics laws is meaningful to understand human behaviors.   By integrating psychological 
principles to Newtonian motion of crowds, a fluid­like model is presented in this paper to explore how energy is transformed from 
the psychological world of human mind to the physical world of universe.  Such energy­based analysis helps to bridge a gap among 
psychological findings, pedestrian models and simulation results, and it further provides a new perspective to understand how the 
faster­is­slower effect occurs at a bottleneck passage and how mental stress affects performance of crowd collective behaviors.  
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I. INTRODUCTION
Time is an important concept  in physics,  and it relates to characterizing movement of an object  in the universe.  The 
movement of human are likewise subject to physical laws, but human have perception of time and such mind activities could 
affect their physical motion in certain ways.  This effect was ever shown by simulation of a pedestrian model established by 
physical  scientists,  and the model  is  named by the social­force model (Helbing and Molnar,  1995, Helbing, Farkas and  
Vicsek, 2000; Helbing, 2001; Johansson and Helbing 2014).  
The social­force model presents psychological forces that drive pedestrians to move as well as keep a proper distance with 
others.  More importantly, a feedback mechanism is created to describe how the psychological forces interact with physical  
reality.  By simulating many pedestrians in collective motion, several scenarios were demonstrated.  One scenario is called the 
“faster­is­slower” effect and it demonstrates that excessive desire of moving faster in a psychological sense could inversely 
slow down the collective speed of pedestrians at a bottleneck.  This model has drawn considerable attention in egress research 
in the past decade and mainly used in pedestrians modeling of mass evacuation (Korhonen and Hostikka, 2010).  
Learning from the social­force model, this paper presents a fluid­based approach to explore how psychological desire and  
physical reality interact in crowd self­driven motion: the psychological drive of motion arises in people's mind as a potential  
form of energy, and its behavioral manifestations are energy in physical forms (e.g., kinetic energy and static energy).  Such 
energy-based analysis extends the law of energy conservation from the physical world of universe to psychological world of 
human mind, and it gives a new perspective to understand how the faster­is­slower effect is caused and how disaster events 
(e.g., jamming or stampede) happen at bottleneck passages.  
II. REVIEW OF THE SOCIAL­FORCE MODEL AND SIMULATIONS
First, let us briefly review the mathematical description of the social force model.  In this model an individual's motion is  
motivated by a self-driven force fiself and the resistances may come from surrounding individuals and facilities.  Especially, the 
model characterizes the social­psychological tendency of two pedestrians to keep proper interpersonal distance (as called the 
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social­force) in collective motion and if people have physical contact with others or facilitates, the physical forces are also  
taken into account.  Let fij denote the interaction from individual j to individual i, and fiw denote the force from walls or other 
facilities to individual i.  Given the instantaneous velocity vi(t) of individual i, the moving dynamics is given by the Newton 
Second Law: 
mi
d v i (t)
dt
= f i
self+∑
j(≠ i)
f ij+∑
w
f iw  (1)
where mi is the mass of individual i and vi(t) is its moving velocity at time t. Furthermore, the self-driven force is specified by 
f i
self=mi
v i
0(t )−v i(t )
τ i
, (2)
This force describes an individual tends to move with a certain desired velocity vi0(t) and expects to adapt the instantaneous 
velocity  vi(t) within a certain time period τi.  In particular, the desired velocity  vi0(t) is the target velocity in one's mind, 
specifying the speed and direction that one expects to realize. The physical velocity vi(t) is the physical speed and direction 
achieved in the reality.  The gap between vi0(t) and vi(t) implies the difference between the subjective wish in people's mind 
and objective situation in the physical reality, and it is scaled by a time parameter τi to form the self­driven force.  As a result, 
the self­driven force contributes to either acceleration or deceleration of the motion, and it functions in a feedback loop in a  
pedestrian dynamics, making the realistic velocity vi(t) approaching towards the desired velocity vi0(t).  
By simulating many such individuals in collective motion, blocking was observed as they pass a bottleneck doorway.  This 
scenario is named by the “faster-is-slower” effect in Helbing, Farkas and Vicsek, 2000.  In particular, it shows that increasing 
psychological state (i.e., desired velocity vi0) can inversely decrease physical state: the collective speed of crowd leaving.  
In the past decade, the social-force model has generated considerable recent research on evacuation modeling (Johansson 
and Helbing, 2014),  and it has been incorporated into several  egress simulators,  such as Fire Dynamics Simulator with  
Evacuation (Korhonen and Hostikka, 2010) and Maces (Pelechano and Badler, 2006).   The model has been partly validated 
based on data sets from real-world experiments. The method of validation involves comparing the simulation of the model 
with associated observations drawn from video-based analysis (Helbing et. al., 2005; Johansson, et. al., 2008).  A problem, 
however, is that these experiments are difficult to be created in such a way that a sense of emergency is induced, given safety  
and ethical constraints.  Another  problem is that most testing results of the social­force model, such as the faster­is­slower 
effect, are vaguely explained by “panic” behaviors of people  (Helbing, Farkas and Vicsek, 2000;  Johansson and Helbing, 
2014), and this causes misunderstanding of the model by most social psychologists.  
III. SELF­DRIVE DYNAMICS OF CROWD MOVEMENT
In this section the microscopic model of individual movement will be translated to a macroscopic description of crowd 
movement.  An energy­based analysis is mainly presented to describe how the psychological intention of people interacts with 
physical characteristics of motion (e.g., crowd speed and density).  
As a crowd move in a passageway, their motion can be considered as mass flowing with a specific rate (See Figure 1).  An 
assumption is that the width of the passageway is relatively small compared to the length of the crowd flow.  The flow is thus 
assumed to be homogeneous in the direction perpendicular to the passageway direction (i.e., along y axis in Figure 1), and the 
flow characteristics vary only along the passageway direction (i.e., along x axis in Figure 1).  In other words, the paper studies 
crowd flow in one­dimensional space (i.e., along the passageway).  
Figure 1.  Crowd movement along a passageway
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The specific characteristics of crowd motion include: 
(a) Flow density and mass: the flow density in one­dimensional space is the number of pedestrians per length unit, and it is 
defined by  =dNρ /dx, where dN is the number of pedestrians in the area of Ydx and Y is the width of the passage (See Figure 
1).  The crowd density characterizes the fore­and­after distance of people along the passageway.  Let m0 denote the average 
individual mass in the crowd, and the mass of the flow in area of Ydx is m=m0ρdx.  
(b) Interactions among individuals: As people move collectively along a passage, the interactions of people are characterized 
by force F, which is the composite force from one section of the crowd flow to its adjacent section along x axis. 
(c) Physical motion: As people move along a passage, the moving direction is abstracted to be along the passageway (i.e., 
along x axis in Figure 1), and the moving speed is denoted by v, characterizing how fast the people are moving collectively.  
(d) Motive Force: Human motion is self­driven.  In physics, the motive force is commonly considered as frictions or pushing 
forces that people implement on the ground by feet.  What differs creatures like human from non­creatures is that the motive  
force is intentionally generated by creatures such that they can decide where to go and how fast they move.  Thus, the motive  
force is not only a physical concept, but also represents intentions of people in a psychological sense.  As a result, this paper  
presents the motive force by fself=maself, where aself is called self-acceleration and it indicates intentions of people.  This force is 
directed along the passageway, implying that the physical motion is motivated and directed by the psychological drive. 
    In brief, the flow characteristics as presented above (i.e., ρ, F, v, aself) are functions of both position x and time t.  Moreover, 
although the flow analysis is presented in one-dimensional space in this paper, the idea can also be extended for analysis in  
the two-dimensional space, where the direction of the motive force can be different from that of instantaneous velocity and  
orthogonal decomposition can thus be applied.  
    As shown in Figure 1, we study the moving crowd in the flow section of Ydx, where the mass is m=m0ρdx, and the possible 
physical forces from walls fw are assumed to be equal and opposite.  As people try to accelerate along the positive direction of 
x axis, the resistance comes from the people moving in front of them, and dF  thus becomes resistant to the crowd motion. 
The motive force is fself=maself=aselfm0ρdx.  By the Newton Second Law we have
m0 ρd x
Dv
D t
=aself m0 ρd x−d F  (3)
m0 ρd x
1
D t (∂ v∂ t d t +∂ v∂ x d x)=aself m0 ρd x−d F  (4)
    In fluid mechanics Dv/Dt is the Lagrangian derivative (material derivative) – the derivative following moving parcels in 
the fluid, and ∂v/∂t is the Eulerian derivative, which is the derivative of flow speed with respect to a fixed position.  
m0 ρd x( ∂ v∂t + ∂ v∂ x d xd t )=aself m0 ρd x−d F  (5)
Note that v=dx/dt, it gives
m0 ρd x( ∂ v∂ t +v ∂ v∂ x )=a self m0 ρd x−d F    (6)
m0 ρ (∂ v∂ t +v ∂ v∂ x )=aself m0 ρ−∂F∂ x    (7)
Equation (6) corresponds to Euler's Equation in fluid mechanics and it exhibits the Newton Second Law (ma=∑F) for the 
crowd flow.  By taking the dot product with ds – the element of moving distance – on both sides of Equation (7), an energy 
equation can be derived from Equation (7), which corresponds to the unsteady Bernoulli Equation in fluid mechanics.  In 
particular, the element of distance in one-dimensional space is ds=dx, and thus we have 
m0 ρ v
∂ v
∂ x
d x+m0 ρ
∂ v
∂ t
d x=aself m0 ρd x−
∂ F
∂ x
d x  (8)
m0 v d v+m0
∂ v
∂ t
d x=aself m0d x−
dF
ρ
 (9)
m0d( v
2
2 )+dFρ +m0 ∂ v∂ t d x=aself m0d x       (10)
Because the element of moving distance is the product of instantaneous speed and element time, i.e., dx=vdt, it gives
m0d ( v22 )+d Fρ +m0 ∂v∂ t vd t=m0aself vd t         (11)
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Since m0 is the average individual mass and does not depend on moving speed v, the above equation can be integrated.  The 
physical interactions are repulsive among people, and F≥0.   Given the initial time of crowd movement t0, an energy balance 
equation is obtained as below
m0v
2
2
+∫
0
F d F
ρ
+∫
t 0
t
m0
∂v
∂ t
vd t=∫
t 0
t
m0a
self v d t+C (12)
The left side of Equation (12) includes energy in physical forms – kinetic energy, static energy as well as energy regarding 
the Eulerian derivative.  In addition, if the crowd movement is not horizontal, but on a slope, the gravity should be taken into  
account by including the gravitational potential  m0gh on the left side of Equation (12), where h is the altitude of the crowd 
position and g is the gravitational acceleration.  The kinetic energy is the common form that describes the energy regarding 
crowd motion.  The static energy is an integral form that characterizes the interactions of people.  In general, F is a function of 
crowd density ρ, and an example of the static energy is given in the appendix.  Moreover, when  the crowd speed and density 
converge into the steady states, ∂v/∂t=0 and the energy regarding the Eulerian derivative becomes zero.  As a result, Equation 
(12) will be simplified as a Bernoulli-like equation for steady flow1.  
In Equation (12) the energy regarding the self­acceleration aself is called self­driven energy in this paper.  It is an integral 
product of the motive force (i.e., f0self= m0aself) and moving distance along the direction of the force.  Here the derivation steps 
as above do not require any mathematical form of aself. In general, aself should reflect the cognition process by which people 
perceive the physical world and adapt their mind to the outside world.  As introduced in the social­force model, an example is 
that people have subjective targets in mind by desired speed vd, and the self­acceleration is given by
a self=(v
d−v)
τ
(13)
Equation (13) is an analog of Equation (2), and it shows the feedback mechanism on how the self­driven force is dynamically  
formed.  In fact, the cognition process in crowd dynamics is much complicated where many other factors are involved such as  
the interpersonal distance and destination of their motion.  For simplicity, this paper will follow the description in the social­
force model to explain the existing results such as the faster­is­slower effect. Other description of the self­acceleration will be  
discussed in our future work.  Plug Equation (13) into (12), and it yields
m0v
2
2
+∫
0
F d F
ρ
+∫
t 0
t
m0
∂v
∂ t
vd t=∫
t 0
t
m0
(vd−v)
τ
v d t+C  (14)
The self-driven energy in Equation(14) motivates people to adjust speed in a temporal space.  An interesting topic is that  
the above equations extend the principle of energy conservation from the physical world of universe to the psychological  
world of human mind, implying potential transformation of self-driven energy into certain physical energy.  Such analysis  
provides an energy perspective to understand certain religion precepts such as transgression in mind and in deeds are similar.  
In fact, the energy-based analysis shows that energy arises in mind when people have desire doing something, and it will be 
ultimately transformed into certain physical energy in reality.  In other words, energy in mind cannot vanish by itself, but 
must find an outlet to the physical world.  
From the perspective of psychology study, the gap between the psychological desire (i.e., vd ) and the physical reality (i.e., 
v) relates to how much stress people will be experiencing (Staal, 2004).  In other words, the difference vd -v is related to the 
psychological concept of stress, and Equation (14) shows that accumulation of such stress will motivate certain behaviors of 
people.  Moreover, the gap of speeds characterizes the time-related stress, which is commonly considered as time-pressure in  
psychological research, and the self-driven energy in Equation (14) motivates people to adjust moving speed in a temporal  
space.  In particular, Equation (14) implies a feedback mechanism by which people's mind functions like a controller of their 
behaviors: the target in mind (i.e., vd) guides people to change their physical characteristics (i.e., v), and any changes in the 
physical world are also feedback to people's mind.  In brief, mind and reality interact in a closed­loop such that a balance can 
be reached between the psychological world of human mind and physical world of reality.  Control theory can help to explore 
how v is changed dynamically given vd, and cognition science focuses on how people perceive the reality and thus adjust vd. 
Both subjects helps to understand the self­driven dynamics of crowds.  
1There is a major error in the mathematical result of our previous work (Wang et. al., 2011), where the Bernoulli­like equation is derived for steady flow.  
In particular, the mathematical description of the self­driven energy is NOT correct there.  Please ignore the mathematical result in our previous work.  
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IV. INSIGHTS OF THE CROWD DYNAMICS
As an integration of multiple disciplines, the energy equation derived as above will be further discussed from different  
perspectives in this section.  
A.  Physical Explanation
When will the psychological drive be transformed to a kinetic form of energy, and when to a static form?  Mathematically, 
Equation (12) or (14) are to be jointly used with other equations (e.g., the conservation of mass; boundary conditions) in order 
to fully describe the flow characteristics in a given geometric setting.  This paper will not explore such mathematical details,  
but only gives an intuitive answer and explains that the passage capacity critically affects which form energy takes.  
When a multitude of pedestrians move collectively in a passageway, an important factor that confines the crowd motion 
characteristics is the geometric size of the passageway, or as called the passage capacity (Hoogendoorn and Daamen, 2005;  
Wang et al., 2008; Daamen and Hoogendoorn, 2012).   If the capacity is sufficient, pedestrians are able to move as fast as 
desired while keeping proper distance with each other.  In contrast,  insufficient capacity makes pedestrians to move closer to 
each other rather than move faster, resulting in an increase of crowd density (See Figure 2).  
Figure 2.  Scenarios of Crowd Movement at a Doorway
In brief, the passage capacity determines the maximal amount of self­driven energy that can be transformed to the physical 
forms, and it determines a critical threshold: below the threshold the psychological drive expressed by the self­driven energy 
is transformed to the kinetic form and the crowd can accelerate as desired; above the threshold the kinetic energy reaches the  
maximum, and the excessive psychological drive will be transformed to the static form such that crowd density increases.   If 
the crowd density exceeds a certain limit, disaster events (e.g., jamming, stampede) may occur and the pedestrian flow will 
slow down significantly.  
B. About the Faster­is­Slower Effect
The term of self­driven energy indicates the subjective wish of people in a collective sense and such subjective wish has 
absolute freedom.  In other words, vd and   in Equation (13) τ are not constrained for it exists in people's mind.  However, when 
people bring their wish to the reality, their behaviors are not free any more because certain realistic factors confine human  
deeds in the physical world.  Thus, the physical variables in the energy equation, i.e., physical speed v and density ρ, should 
have upper bounds (e.g., v <= 10m/s; ρ <= 3.5m­2).  
If the physical variables reach the maximum while people still desire increasing them, the self-driven energy cannot be 
transformed to the physical form.  In this case, the stronger is the subjective wish in people's mind, the worse becomes the  
situation in the reality and the faster-is-slower effect is an example in this kind.  
Does the faster­is­slower effect always exist in the crowd movement?  In fact, if the self­driven energy is transformed to the 
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kinetic form properly, the psychological drive will speed up the process and  faster­is­faster effect comes  into being.   This 
effect has been demonstrated by real­world experiments (Daamen and Hoogendoorn, 2012).  Although this phenomenon was 
not emphasized in Helbing, Farkas, and Vicsek, 2000, the testing results in that paper actually testify this effect also: the  
initial increase of desired velocity speeds up the crowd leaving (Please See Figure 1(c) and Figure 1(d) in Helbing, Farkas, 
and Vicsek, 2000)2.  
   From the perspective of psychology, the self­driven energy that cannot be transformed to the desired physical form results 
in stress on the moving crowd, and the energy­based analysis actually reiterates a common psychological findings: moderate 
stress improves the performance (i.e., speeding up the crowd motion; faster-is-faster effect) while excessive stress impairs it  
(e.g., disorder and disaster events; faster is slower effect).  
Finally, although the scope of this paper mainly refers to crowd movement, the above analysis is also suited for general 
understanding of other activities in human collective behaviors.  For instance, the bottleneck in economic activities could be  
the limited natural resources rather than the limited capacity.  If many individuals have the same target in their mind, they  
may not achieve the goal together, and need to cooperate or compete with each others for using such limited resources in  
order to realize their goals.  The timing of their deeds leads to acceleration or deceleration of the process (i.e., kinetic energy)  
while the social relationship among individuals refers to the compression and interaction of people (i.e., static energy).  The 
issue of stress exists similarly in these social activities.  
V. CONCLUSION
Physics is the analysis of nature, conducted to understand how the universe behaves, while psychology is the study of the 
human mind, exploring how human thinks and behaves. In the past decade a pedestrian model involves both of these two 
subjects in the framework of Newtonian laws and our study starts with this pedestrian model.  
By abstracting this pedestrian model to the macroscopic level, a fluid­like model is presented in this paper, and an equation 
is derived to reiterate the principle of conservation of energy: the psychological drive of motion can be deemed as a form of 
energy, and it will be transformed to energy in the physical forms, leading to acceleration or compression of a crowd.  The 
mathematical derivation helps to correct a major technical mistake in our previous result (Wang et. al., 2011).  
   From the perspective of psychology, the energy expressed as the psychological drive relates to the level of stress on the  
moving crowd, and the energy­based analysis provides a deep insight to understand how mental stress will improve or impair  
the performance of human collective behaviors and how faster­is­slower effect is triggered at a bottleneck passage.  
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APPENDIX
Let ρ0 denote the density when people start to have physical contact, and the interaction force among individuals in crowd 
can be exemplified by 
F=K ξ ( ρ−ρ0 )
where K is a positive parameter.  ξ(·) is a piecewise function such that ξ(u)=0 if u<0 and ξ(u)=u if u>=0. The interaction force 
thus becomes nonzero when ρ>ρ0 . The resulting static energy is given by
∫
0
F
d F
ρ
=K ξ ( ln ρ−ln ρ0 )
In sum, the moving crowd is a compressible flow – the crowd density varies in different places of the flow.  Thus, the static 
energy is a function of density ρ.  
2There is a descending portion in the curve of Figure 1(c) and an ascending portion also exists in the curve of Figure 1(d). These plots implicate the  
faster-is-faster effect also exists.  Especially, Figure 1(d) shows how the desired velocity vd affects the “pedestrian flow ρv divided by the desired velocity” 
in order to emphasize the faster­is­slower effect. We infer that the ascending of the curve will be more significant if the pedestrian flow ρv (s­1m­1) is directly 
plotted.  
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